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2. Model Calibration & Typology Studies
3. Growth in the Building Sector












Breakfast 8:30-9:00am 30 minutes
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*Age ranges related to major changes in ASHRAE code for commercial buildings. 





































Remove outliers based on high and 
low means
Remove outliers by month based 
on distance to sample mean
Average monthly profile for each 
building type, vintage
Remove outliers based on high 
and low means
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Solution: Filter by Monthly EUI Bounds 
06.12.201810


































Calibrate to monthly profiles based on two metrics:
• Normalized Mean Bias Error (NMBE)
• Compares difference in sample mean and 
“true” mean (utility data)
• Coefficient of Variation of Root Mean Squared 
Error (CV[RMSE])
• Compares difference in variability of data 
points between sample and true data
Both tests are recommended by ASHRAE for 
energy model calibration
• Monthly calibration:
• NMBE < 5%
• CV[RMSE] < 10%
• Hourly calibration:
• NMBE < 15%






































Large Multi-Family (In Progress) (5+ family)
Pre-1950
Electricity (18.5% NMBE, 23.2% CV[RMSE])
Gas (7.2% NMBE, 29.5% CV[RMSE])
1950-1979
Electricity (26.0% NMBE, 29.5% CV[RMSE])
Gas (6.7% NMBE, 28.1% CV[RMSE])
1980-1999
Electricity (34.5% NMBE, 37.2% CV[RMSE])
Gas (32.8% NMBE, 42.4% CV[RMSE])
Post-2000
Electricity (20.2% NMBE, 29.8% CV[RMSE])































































































































































































































































































































































































































































































































































































































































ASHRAE recommendation: Monthly calibration: NMBE < 5% & CV[RMSE] < 10%
Hourly calibration: NMBE < 15% & CV[RMSE] < 30%
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Office (In Progress) 
Pre-1950
Electricity (-8.4% NMBE, 15.8% CV[RMSE])
Gas (-0.7% NMBE, 30.2% CV[RMSE])
1950-1979
Electricity (-2.9% NMBE, 15.5% CV[RMSE])
Gas (3.1% NMBE, 28.4% CV[RMSE])
1980-1999
Electricity (-1.3% NMBE, 13.5% CV[RMSE])
Gas (4.0% NMBE, 29.3% CV[RMSE])
Post-2000
Electricity (-5.5% NMBE, 15.1% CV[RMSE])


































































































































































































































































































































































































































































































































































































































































ASHRAE recommendation: Monthly calibration: NMBE < 5% & CV[RMSE] < 10%



































































Modeling Methodology: Next Steps
06.12.201816
Modeling Methodology: Strategies
• Stretch building code
• Passive House standard
• Energy Use (EUI) Cap
• Emissions Cap
• Fuel switching (gas to electric)
• Fossil fuel free new construction
• ZNE new construction
• Increased lighting efficiency 
standards
• Increased HVAC efficiency standards
• Increased envelope requirements
• Required PV on rooftop
• Energy performance disclosure
• Mandate performance relative to 
BERDO
• Expanded BERDO reporting 
requirement
• Passive House retrofits
• Lighting efficiency retrofit program
• HVAC efficiency retrofit program
• Envelope efficiency retrofit program
• Deep energy retrofits
• Enhanced commissioning/ RCx
• Demand response
• On-bill saving suggestions
• EV charging
• Energy storage





Modeling Methodology: Next Steps
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Growth in the Building Sector
06.12.201819 Source: Imagine Boston 2030
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Boston Building Stock
1. Single family residential
2. Small multi-family (triple decker)
3. Multifamily residential





















































< 20,000 20,000 to    
<100,000


























































Source: Tax Parcel ID database
square feet
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Predicted growth utilized Imagine Boston 2030 
as the primary source for projections. 
How will Boston’s Building Stock Grow













Boston Building Stock: Residential Growth
Source: Imagine Boston 2030
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Boston Building Stock: Residential Growth
Starting date 2011
square feet
• demolition rate = 0.020% 
• replacement rate = 0.35%
• new construction =  
900 SF/unit







Source: Tax Parcel ID database
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Boston Building Stock: Residential Growth
square feet
Total growth 66,965,000 square feet
2018-2030: + 29,585,000 (44%)





Boston Building Stock: Commercial Growth
Source: Imagine Boston 2030
Starting date 2011
06.12.201830
Boston Building Stock: Commercial Growth
Starting date 2011
square feet
• demolition rate = 0.020% 
• replacement rate = 0.35%
• new construction = BPDA pipeline report
Source: Tax Parcel ID database
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Commercial Office 59% 46% 38%
Convention/Assembly 8% 13% 18%
Hotel 7% 4% 6%
Medical/Lab/Production 12% 17% 25%
Restaurant 0% 1% 0%
Retail 12% 9% 6%
Supermarket 3% 1% 1%
Warehouse 0 10% 6%









Boston Building Stock: Commercial Growth
square feet
Total growth 33,685,000 square feet
2018-2030: + 13,685,000 (40%)
2030-2050: + 20,000,000 (60%)
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Boston Building Stock: Non-Commercial Growth
million square feet
• demolition rate = 0.020% 
• replacement rate = 0.35%
• new construction = proportional to existing residential
• garage = no growth for stand alone. accounted for within buildings 
20 40
Source: Tax Parcel ID database
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Boston Building Stock: Non-Commercial Growth
million square feet 20 40
Total growth 5,525,000 square feet
2018-2030: + 2,520,000 (46%)
2030-2050: + 3,005,000 (54%)
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Boston Building Stock: Growth




















Boston Building Stock 2050
15% growth









































Four (4) to be developed; Hierarchy of data;
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Building Energy Reporting Disclosure Ordinance
1st reporting year was 2014 
for calendar year 2013
Non-residential buildings > 50,000 SF and
Set of non-residential buildings on 1 tax 
parcel id > 100,000 square feet
1st reporting year was 2016 
for calendar year 2015
Non-residential buildings > 35,000 SF
Residential buildings > 50,000 SF or 50 units
1st reporting year was 2017 
for calendar year 2016
Residential buildings > 35,000 SF or 35 units
1st reporting year was 2015 
for calendar year 2014
Mandated disclosure 
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Building Energy Reporting Disclosure Ordinance
and buildings to complete an energy action or 
assessment every five years beginning in 2019
Mandated disclosure 
Owner or tenant shall be subject to 
enforcement or penalties for failure to comply 
with the requirements of this ordinance during 
the first year of their required compliance set 
forth in subsection (d).
Violations range from $35.00 - $200.00 per 
violation, up to $3,000 per calendar year.
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Building Energy Reporting Disclosure Ordinance











Existing Commercial Buildings (ECB) 
Energy Performance Ordinance 
Commercial buildings > 10,000 sf conditioned space
1,847 private sector buildings applicable +                 
465 municipal facilities and schools
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What does this tell us for the future 
programs we need to design?







Average annual participation 
= 16,900 households
Doubled participation 





Average annual participation 
= 16,900 households
Doubled participation 
from 3% to 6.8%
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Renew Boston 












Source: City of Boston
On average, 41% of 






• 100% implementation of performance-based 
energy code
• 100% of full technical potential for solar PV




SmartRegs requires all licensed rental housing, about half of Boulder’s 
housing stock, to meet a basic energy efficiency standard by Dec. 31, 2018
Source: https://bouldercolorado.gov/plan-develop/smartregs
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• What does this tell us for the future programs we need to design?
• How should Carbon Free Boston be categorizing various owner classes?
• What strategies will be best driven by incentives, what strategies will be best 
driven by mandates?
• How can we leverage limited data on adoption from those existing programs and 
policies in Boston and in other cities to inform our forecasts and policy design?
• Neutrality will require a large scale technology transition on existing buildings 
that has not yet been experienced. How does Carbon Free Boston forecast 
behavior? 
• What barriers to deep adoption will Boston experience? How can these barriers 
be overcome?
Discussion
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Next steps
